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Bicuspid aortic valve and/or coarctation of the aorta are consistently associated with ascending aortic and para-coarctation medial ab- 
normalities. Medial abnormalities in the ascending aorta are prevalent in other types of patients with a variety of forms congenital heart 
disease (CHD), such as single ventricle, persistent truncus arteriosus, transposition of the great arteries, hypoplastic left heart syndrome, te- 
tralogy of Fallot. These abnormalities encompass a wide age range, and may predispose to dilatation, aneurysm, and rupture that necessi- 
tates aortic valve and root surgery. This dilatation can develop in CHD patients without stenotic region. These CHDs exhibit ongoing dilatation 
of the aortic root and reduced aortic elasticity and increased aortic stiffness that may relate to intrinsic properties of the aortic root. The concept 
of aortic dilatation is shifting a paradigm of aortic dilatation, as so called post stenotic dilatation, to primary intrinsic aortopahy. These aortic 
dilatation and increased stiffness can induce aortic aneurysm, rupture of the aorta and aortic regurgitation, but also provoke left ventricular 
hypertrophy, reduced coronary artery flow and left ventricular failure. We can recognize this association of aortic pathophysiological abnor- 
mality, aortic dilation and aorto-left ventricular interaction as a new clinical entity: "aortopathy". (Korean Circ J 201 3;43:21 5-220) 
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Introduction 

The ascending aorta in congenital heart disease (CHD) may di- 
late out of proportion to hemodynamic or morphogenetic expect- 
ations, may become aneurysmal, and may rupture. 1 ' 2 ' Aortic dilation 
in Marfan syndrome, Turner syndrome, bicuspid aortic valve (BAV), 
and coarctation of the aorta is well recognized; these disorders are 
associated consistently with ascending aortic and/or para-coarcta- 
tion medial abnormalities. 2 ' 3 ' CHD such as single ventricle, persistent 
truncus arteriosus, transposition of the great arteries, hypoplastic left 
heart syndrome, and tetralogy of Fallot (TOF) are associated with 
aortic medial abnormalities, aortic dilatation, and aortic regurgita- 
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tion (AR). 1 ' Aortic medial abnormalities-incorrectly called cystic 
medial necrosis-reach their severest form in Marfan syndrome, and 
are prevalent and qualitatively similar, but seldom quantitatively as 
marked, in a wide variety of CHDs with a wide age range. 1 ' These 
observations have led us to hypothesize that various types of CHD 
harbor an aortic medial abnormality that reflects a common devel- 
opmental fault leading to a weakened and attenuated aortic wall. 
These CHDs with aortic dilatation are associated often with latent 
complications, which are decreased elasticity and increased stiff- 
ness of the aorta. 4 " 6 ' These aortic pathophysiological changes have a 
negative influence on the systemic ventricular systolic and diastolic 
functions, due to increased afterload and ventricular hypertrophy. 5 ' 
In this review, we will discuss the aortic complications of CHD, em- 
phasizing their history, pathophysiology, and importance of the 
new clinical entity "aortopathy". 

Historical Perspective 

In 1928, Maude Abbott, Montreal, 7 ' mentioned in her textbook on 
CHD that the presence of a BAV appears to indicate, at least in a por- 
tion of the cases in which it occurs, a tendency for spontaneous ru- 
pture". In 1972, McKusick 3 ' reported that the association of BAV and 
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cystic medial necrosis is more than coincidental and cystic medial 
necrosis was defined as follows 81 : 1) Non-inflammatory smooth 
muscle cell loss; 2) Fragmentation of elastic fibers; and 3) Accu- 
mulation of basophilic ground substance within cell-depleted ar- 
eas of the medial layer of the vessel wall. 

In 1978, Edwards et al. 9) reported that among 119 necropsy spe- 
cimens with aortic dissection, 11 were from BAV (9%). In addition, 
Roberts et al. 2) reported that among 186 necropsy specimens with 
aortic dissection, 14 were from BAV (7.5%) with a mean age of 52 
and severe degeneration of the elastic fiber was found in the aortic 
wall in 90% of them. A high incidence of BAV among patients with 
aortic dissection is suggestive of a causative relationship between 
BAV and aortic dissecting aneurysm. 

In 1990s, Hahn et al. 10) and Nistri et al." 1 reported that there is a 
high prevalence of aortic root enlargement in BAV that occurs ir- 
respective of altered hemodynamics, suggesting that BAV and aor- 
tic root dilatation may reflect a common developmental defect. It 
has been recognized that patients with aortic valve have a tendency 
to have dilated aortic roots followed by aortic dissection and these 
patients harbor cystic medial necrosis in the aortic media. BAV was 
the first non-syndromic CHD in which aortic dissection and dilation 
were reported. 12 ' 

In 2001, Niwa et al. 1 ' reported the first time that aortic medial ab- 
normalities - so called cystic medial necrosis - are prevalent in a wide 
variety of CHDs with a dilated aortic root. Since that time, progres- 
sive aortic dilatation and regurgitation in various types of CHD, re- 
gardless of intracardiac repair, have been reported (Table 1). 15-321 

Congenital Heart Diseases Associated 
with Aortic Dilatation 

Bicuspid aortic valve, aortic dissection, and Ross procedure 

Aortic dissection is found to be 9 times more prevalent in BAV 
patients than in those with tricuspid valve. 13 ' Aortic dilation begins 
during childhood in BAV patients, regardless of the presence of aor- 
tic stenosis. 14 ' Histologic abnormalities in the ascending aorta in 
BAV patients are similar to those found in Marfan patients. 3 ' 

From recent reports on the Ross procedure 15 ' in 118 patients with 
Ross procedure with age of 34 years and 44 months follow-up (BAV 
in 81%), the diameter of the sinuses of Valsalva increased from 31 
+/- 0.4 mm to 33 +/- 0.5 mm. In 13 (11%), the diameter ranged from 
40 mm to 51 mm, and 7 (6%) developed moderate AR and 3 (3%) 
required aortic valve replacement. The predicted probability of no or 
trivial AR decreased from 63% in the early postoperative period to 
24% after 16 years. The most common cause for the failure of 
Ross is pulmonary autograft dilation. 17 ' Dilation of the pulmonary 
autograft after the Ross procedure occurs because of an intrinsic 
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abnormality of the pulmonary root in patients with congenital aor- 
tic valve disease. 

Coarctation of the aorta 

Isner et al. 18 ' used a light microscopic to examine features of co- 
arctation segments in 33 patients ranging in age from 1 day old to 
15 years old, and observed cystic medial necrosis, deletion, and dis- 
array of elastic tissue all 33 specimens. The remarkable findings ob- 
served in this pathological abnormality are found as early as in neo- 
nates, suggesting that cystic medial necrosis in the aortic wall in 
coarctation of the aorta is possibly intrinsic. 

Aortic dilatation of tetralogy of Fallot 

Among the cyanotic CHD, T0F was the first in which aortic dilation 
was recognized. 19 ' 20 ' Aortic dilatation is a well-known feature of un- 
repaired T0F and correlates well with severity of right ventricular 
outflow tract stenosis, and is greatest in T0F and pulmonary atresia. 
AR in unrepaired T0F imposes volume overload of both ventricles 211 

Late after repair of T0F, a significant subset of adults exhibit pro- 
gressive aortic root dilatation that may lead to AR and predispose 
the patient to aortic dissection and to aortic rupture. The aortic dila- 
tation relates medial abnormalities coupled with previous long-st- 
anding volume overload of the ascending aorta (right-to-left sh- 
unting through mal-alignment type ventricular septal defect). This 

Table 1. Congenital heart diseases associated with aortic dilatation in adults 

Marfan syndrome 

Turner syndrome 

Bicuspid aortic valve 

Coarctation of the aorta 

Tetralogy of Fallot 

Single ventricle with pulmonary atresia or stenosis 
Persistent truncus arteriosus 
Transposition of the great arteries 
Hypoplastic left heart syndrome 

Table 2. Variables alter structure of ascending aortic media 

Systemic hypertension 

Aging 

Pregnancy 

Chromosome abnormality: Marfan syndrome, Turner syndrome, 

Noonan syndrome 
Gene abnormality: Fibril lin— 1 defect (15q21.1) 
Deletion of TGF-P receptor, ALK5 signaling in neural crest cell 
Medial smooth muscle cell apoptosis 
Metalloproteinase and elastin 
Hemodynamic abnormality (increased aortic flow) 
Intrinsic abnormality of aortic wall in congenital heart diseases 
TGF-(3: transforming growth factor-(3, ALK5: activin receptor-like kinase 5 
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dilatation and the histological abnormalities have been found from 
as early as in infants 22 '; 15% of repaired TOF in adults had a dilated 
aortic root. 23 ' Risk factors for aortic dilatation and regurgitation in 
TOF relate to specific hemodynamic abnormalities such as pulmo- 
nary atresia, right aortic arch, and a history of an aorto-pulmonary 
shunting, and patient demographics, such as male sex and the as- 
sociation of chromosome 22q11 deletion 231 Different from Marfan 
syndrome, aortic aneurysm and dissection/rupture have been re- 
ported rarely in association with TOF. 231 It may be the case that this 
histological abnormality in the aorta in association with TOF is less 
severe than those cases associated with Marfan syndrome. 11 

Neo-aortic dilation after arterial switch operation 
in complete transposition of the great artery 

Aortic dilation and AR are well known complications after arterial 
switch operation in complete transposition of the great artery. 22 ' 23 ' 
Freedom from AR was 78% at 10 years and 69% at 1 5 years; free- 
dom from AVR was 98% at 10 years and 97% at 15 years. 241 Severe 
neo-aortic valve regurgitation was present in 3.7%, and trivial to 
mild regurgitation in 81% of patients at mid-term follow-up. 25 ' Cys- 
tic medial necrosis is observed in the patients with arterial switch 
operation in both neo-aorta and pulmonary artery (20%) in the 
neonate; therefore, histological aortic abnormality in transposition 
of the great arteries is one of the causes of this aortic dilatation af- 
ter repair. 26 ' Progressive dilation of the neo-aortic root is out of pro- 
portion to somatic growth, and the incidence of AR increases with 
follow-up. Previous pulmonary artery banding is a risk factor for 
aortic dilation, while older age at which the arterial switch operation 
occurs and presence of ventricular septal defect are the other risk 
factors for AR. 27 ' 

Hypoplastic left heart syndrome 

Neo-aortic root dilation and AR after staged reconstruction for hy- 
poplastic left heart syndrome are known complications, and these 
complications progress over time. Cohen et al. 28 ' followed 53 pa- 
tients with hypoplastic left heart syndrome after having undergone 
a Fontan procedure for 9 years and found that neo-aortic root pro- 
gressively dilated out of proportion to body size, with 98% having 
a Z-score >2 at most recent follow-up. Neo-AR was present in 
61% of patients in this study. In general, mild pulmonary regurgi- 
tation can be physiologically seen in normal subjects, while any de- 
gree of AR is considered abnormal. 29 ' 30 ' Therefore, the difference in 
arterial histology may be one of the causes of this regurgitation. 

Persistent truncus arteriosus 

Dilated aortic root is found in the majority of operated truncus ar- 
teriosus patients; however, none has dissection or rupture. 31 ' In this 



disorder, anatomical truncal valve abnormality and truncal valve re- 
gurgitation is common; therefore, the role of dilatation of the aorta 
in truncal valve regurgitation is unclear. 

Other congenital heart diseases 

Aortic dissection after CHD is found in patients with Fontan, 321 but 
the incidence of aortic dissection in CHD other than BAV and COA 
is extremely rare. 

Pathophysiology and Cause of Aortic Dilatation 

Cause of aortic dilatation in congenital heart diseases and 
histology of the aortic media 

Independent variables that alter the structure of ascending aor- 
tic media include Marfan syndrome, annuloaortic ectasia or Turner 
syndrome, and systemic hypertension, 331 aging, 341 pregnancy, 35 ' and 
others (Table 2). In patients with systemic hypertension, abnormal- 
ities of aortic medial elastin and collagen are prevalent. 33 ' With ad- 
vancing age, layers of parallel aortic elastic fibers fragment, smooth 
muscle decreases especially in the thoracic aorta. 34 ' In pregnancy, 
gestational changes in ascending aortic media are characterized by 
elastic fiber fragmentation and hypertrophy/hyperplasia of smooth 
muscle cells. 35 ' Marfan syndrome is characterized by a defect in the 
chromosome 15 gene that codes for fibrillin-1, 36 ' in the absence of 
which elastin is more readily degraded by metalloproteinase. 37 ' Apop- 
tosis reportedly plays a pathogenetic role in the medial abnormali- 
ties of abdominal aortic aneurysm. 38 ' 39 ' Deletion of transforming gr- 
owth factor-B receptor is related to aortic dilatation. 40 ' The genetic 
fault in Marfan syndrome apparently impairs aortic medial elastic 
fibers more extensively than impairment in CHD, and the incidence 
of ascending aortic dilatation, dissection or rupture is higher and the 
degree of aortic root medial lesions is greater in the former than in 
the latter. 1 ' 

Histo-pathological abnormalities in various congenital heart 
diseases 

Niwa et al." reported that in 88 CHD patients with dilated aorta 
with age of 3 weeks to 81 years (32 +/- 6 years) (48 males, 40 fe- 
males), surgical biopsy aortic specimens was obtained, and cystic 
medial necrosis in the aortic media was observed in all of these pa- 
tients. 

Cause of aortic dilatation in tetralogy of Fallot 

Higher histologic grading scores in TOF patients is found even in 
infants, which suggests the intrinsic abnormality has crucial role for 
this dilatation. 22 ' Evidence for the role of aortic overflow over time 
in TOF includes the associations of higher age at operation, pulmo- 
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nary atresia versus pulmonary stenosis, and longer presence of sur- 
gical aortopulmonary shunting with aortic dilation 41 ' 421 There is a 
1 2% increase in mean aortic diameter after surgical aortopulmonary 
shunting 421 

Aortic regurgitation in unrepaired TOF patients may be the result 
of annular dilation, weaker support of the right coronary cusp by the 
deficient outflow septum, and cusp prolapse. 431 Only in a very small 
number of patients can surgical trauma potentiate AR. Frequency 
and degree of AR can be higher in case of late TOF repair. 421 

Genetics in aortic dilatation in congenital heart diseases 

Comparing patients with A-P phenotype (R-L cusp fusion) BAV 
with R-L phenotype (R-N cusp fusion), the former is more common 
in males, is larger and stiffer at the sinus of Valsalva, and is smaller 
at the ascending aorta and aortic arch than the latter. 44145 ' This aor- 
tic shape difference is possibly due to inborn errors of aortic wall 
than due to hemodynamic effects. 461 Therefore, BAV phenotype can 
predict the elastic properties of ascending aorta and have potential 
impact on clinical outcomes. 

In TOF patients with a dilated aorta, there is a 50.9% prevalence 
of fibrillin- 1 gene polymorphisms or mutations and there is >8 times 
risk of aortic dilation in patients with these variants. 471 In patients 
with chromosome 22q 1 1 .2 partial deletion, without conotruncal 
abnormality, aortic dilation is found in 10/93 (10. 8%). 481 Therefore, it 
is a possibility that aortic dilatation is a novel cardiovascular finding 
in patients with chromosome 22q 11 .2 partial deletion. In TOF patients 
after repair, chromosome 22q 1 1 .2 partial deletion is one of the risk 
factors of aortic dilatation 411 

New clinical entity 'Aortopathy": Dilatation of aortic root, abnor- 
mality in aortic pathophysiological function, low coronary artery 
flow, and systemic ventricular dysfunction. 

Aortic root dilation and aortic elastic properties in tetralogy 
of Fallot and arterial switch operation 

In a study of 67 children at an average 8.3 years after TOF repair, 
Chong et al. 491 found aortic dilation (z score >2) was observed in 
88%, 87%, 61%, 63% at the annulus, sinus of Valsalva, sinotubular 
junction, and ascending aorta, respectively. Significantly increased 
stiffness, reduced strain, and distensibility of the aorta are observ- 
ed in patients with aortic dilations. 

Senzaki et al. reported that in 38 repaired TOF patients comparing 
with 55 controls, the former had higher characteristic of impedance 
and pulse wave velocity, lower total peripheral arterial compliance, 
higher arterial wave reflection, and also observed that the increase 
in aortic wall stiffness was closely associated with an increase in 
aortic root diameter. Therefore, central and peripheral arterial wall 
stiffness is characteristically increased after TOF repair. Abnormal 
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arterial elastic properties have a negative impact on the left ven- 
tricle and provoke aortic dilatation, and it may induce left ventric- 
ular hypertrophy and systolic and diastolic dysfunction of left ven- 
tricle. Also in repaired TOF patients, decreased aortic elasticity and 
increased augmentation index are found. 501 

After an arterial switch operation, patients decreased aortic elas- 
ticity and distensibility are confirmed by increased pulse-wave ve- 
locity 511 and the stiffness index is increased. 521 

These aortic pathophysiological abnormalities are observed in the 
other types of CHD with aortic dilatation, and these abnormalities 
may have a negative impact not only on aorta, but also on the left 
ventricle (or systemic right ventricle). These characteristics induce 
aortic dilation and AR 5,501 and increased pulsatile load on LV follow- 
ed by decreased cardiac output; 11 and also provoke decreased cor- 
onary blood flow that may negative influence on left ventricular 
function. 45147 ' In addition, AR may develop and progress due to stiff- 
ness of the aortic root. 51 ' 

We can recognize pathophysiologic abnormalities of the aorta and 
abnormal aortoventricular interaction (i.e., aortic dilation, AR, aortic 
pathophysiological abnormalities, and decreased coronary artery 
flow and left ventricular dysfunctions) as a new clinical entity "Aor- 
topathy". 

Conclusions 

A subset of adult patients with CHD exhibits ongoing dilatation of 
the aortic root and reduced aortic elasticity that may relate to in- 
trinsic properties of the aortic root. This new concept of aortic dila- 
tation is shifting a paradigm of aortic dilatation from a so called 
post stenotic dilatation to primary intrinsic aortopathy. These aor- 
tic dilatation and increased stiffness can induce aortic aneurysm, 
rupture, and AR; and may also provoke left ventricular hypertrophy, 
reduced coronary artery flow, and left ventricular failure. We can 
recognize this association of aortic pathophysiological abnormality, 
aortic dilation, and aortic-ventricular interaction as a new clinical 
entity "Aortopathy". 
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